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ASTM E 2187
Since its initial publication in 2002, ASTM E 2187, Standard Test Method for Measuring the Ignition Strength of Cigarettes, has become the basis for designing and specifying less fire-prone cigarettes. 1 This Standard is cited in regulations in the 50 U.S. States, Canada, Australia, New Zealand, and Finland. The European Union requested that ISO develop an identical version (except for format) of the ASTM Standard that could be cited in a European Standard, and that process has resulted in ISO 12863:2010. 2 The current version of the ASTM Standard is ASTM E 2187-09. D In this test method, a cigarette is lit, allowed to burn long enough to "forget" the lighting process (ca. 15 mm), and placed on a set number of layers of filter paper. The filter papers act as a heat sink, absorbing energy from the cigarette. A cigarette of high ignition strength continues burning its full length, despite the heat loss to the paper. The coal in a weaker burning cigarette cannot endure the heat loss and still continue burning. The result of a single determination is whether the cigarette burns its full length or not. Typical results are shown in X Figure 1X . To provide for measurement of a range of ignition strengths, ASTM E 2187 includes three different substrates, providing three different heat sinks. These three consist of 3, 10, or 15 layers of filter paper. To measure the ignition strength of a cigarette type, 40 determinations are performed for the cigarette type on a chosen substrate. The fraction of the 40 determinations that results in full-length burns is recorded. Conventionally, this fraction is converted to a percentage of full-length burns (PFLB) by multiplying by 100 %. All the current regulations require testing on 10 layers of filter paper and require that no more than 10 of the 40 determinations result in a full-length burn; i.e., only cigarettes with measured 25 PFLB or lower can be sold.
This method is derived from the Cigarette Extinction Method, which was developed under the Fire Safe Cigarette Act of 1990.D 3 In that developmental effort, and in all the research and testing D leading up to the first version of ASTM E 2187, Whatman No. 2 filter paper was used in the test substrates. This was justified on the basis that this was the prevalent filter paper available in the United States, although the paper was manufactured in the United Kingdom (UK).
During initial testing of the method, there were reports of erratic results from some batches of the paper. It was recognized that, since the paper is chemically uniform (i.e., nearly pure cellulose), a chemical difference was not likely to be the source of the odd results. Two significant properties of the paper that affect its effectiveness as a heat sink are the mass and the moisture content. The paper batches on hand were then analyzed for their dry mass and their mass at the conditioning temperature and relative humidity under which the testing was performed. This led to the finding that most of the errant results were from paper specimens whose conditioned and dry masses were outside narrow ranges. These ranges were then added to the requirements in ASTM E 2187 for paper selection. A key outcome of this was the realization that the test results were quite sensitive to the thermal character of the layers of filter paper.
In November 2006, Whatman introduced a Certified Grade of their No. 2 paper. The dry and conditioned masses are provided, and the paper batch is certified to be within the mass ranges required in ASTM E 2187-04.
Meanwhile, because of the compliance requirements for the sale of cigarettes, the manufacturers and regulators expressed the need for some means for assuring that test laboratories were performing the test properly and uniformly. The National Institute of Standards and Technology (NIST) responded to this need with the development of Standard Reference Material 1082 (SRM 1082), Cigarette Ignition Strength Standard. This cigarette is certified to a value and expanded uncertainty of 12.6 PFLB ± 3.3 PFLB when tested on 10 layers of Whatman No. 2 filter paper according to ASTM E 2187-04. The certified value is based on data from three laboratories that each tested between 200 and 800 cigarettes. The use of these large samples sizes results in an uncertainty that is considerably lower than would be expected based on the standard number of cigarettes tested in the field, which is set by ASTM E 2187-04 at 40 cigarettes.
ASTM E 2187-09 contained two key differences from the 2004 version of the Standard. The first was a requirement that at least every 30 days of active testing, a laboratory was to verify the performance of the total test system and operator using a test cigarette whose ignition propensity using ASTM E 2187 had been established. The Standard noted that SRM 1082 was widely used for this purpose.
The second key difference resulted from the observation that the two sides of a sheet of Whatman No. 2 filter paper had differing degrees of roughness. RJR Tobacco found a small, but significant dependence of test performance for an experimental cigarette, depending on which side of the paper was facing upward. Testing with the rough side upward resulted in on the order of 10 % more full-length burns than testing with the smooth side upward. 4 It was hypothesized that the higher PFLB value was due to the less regular thermal contact between the cigarette and the substrate. NIST informally confirmed the nature of this finding. By general agreement, ______________________________________________________________________________________________________ This publication is available free of charge from: http://dx.doi.org/10.6028/NIST.TN.1874 ASTM E 2187-09 required that future testing be conducted with the more conservative orientation, i.e., with the rough side facing upward.
There is an implication for the expected value of the SRM 1082 cigarettes when used to "calibrate" a laboratory's performance using ASTM E 2187-09. The certification of the SRM 1082 cigarettes pre-dated the finding that paper surface orientation affected the test results. Presumably, the paper substrates in the certification testing were approximately randomly distributed with regard to the rough surface orientation, i.e., about half of the cigarettes were tested on substrates with each of the two paper orientations. Thus, the expected test result from ASTM E 2187-09 using SRM 1082 cigarettes should be greater than the certified value by approximately one-half of the difference between tests with the rough side upward and tests with the smooth side upward.
As part of an ILS of alternate filter papers 5 (discussed further in the next section of this report), testing of several cigarette designs on 10 layers of Whatman No. 2 filter paper showed the average test result with the rough side up was approximately 20 % higher (i.e., approximately 1.2 times the smooth side result) than the result with the smooth side up. This would imply that the test result using ASTM E 2187-09 (testing with the rough side always up) would be about 10 % greater than the values obtained from testing with random paper orientation. However, there was a nearly 40 % standard deviation in the rough/smooth ratio; and, in fact, the cigarettes tested by two of the eight ILS laboratories showed lower results with the rough side up.
To this point, all of the Whatman No. 2 filter paper had been manufactured at its plant in the United Kingdom (UK).
______________________________________________________________________________________________________
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2.
The Desire for an Alternate Substrate
Development Efforts
During the period leading up to the publication of ISO 12863, additional cigarette manufacturers began developing prototypes of their cigarettes brands that would meet the regulatory requirement. This led to an increase in the demand for Whatman No. 2 filter paper. By 2011, Whatman (which had become part of GE Healthcare in 2008) moved the production of the paper from its traditional facility in the UK to a new facility in China. Prior to and during the move, there were long delay times in filling orders for the filter paper. There was also some concern that the paper from the two facilities might result in different test results and that future changes in crops and/or processing might lead to additional changes in test results. All of this suggested that additional technical work was needed to ensure test results that were invariant over time.
New projects were initiated to achieve a more stable substrate for the regulatory testing, i.e., addressing the substrate consisting of 10 layers of Whatman No. 2 filter paper.
 An interlaboratory study (ILS) of other commercial brands of filter paper was conducted to determine whether any of them generated test results consistent with the value and reproducibility of the regulatory standard. 5 Eight laboratories participated. Each of the three alternate filter paper types demonstrated test result repeatability similar to that obtained using the Whatman No. 2 (UK) filter paper. One of the three alternate papers also showed test results that were statistically indistinguishable from the results obtained using Whatman paper for all test cigarettes. However, significant additional testing would be required for high confidence that testing a variety of cigarettes using any of the three alternate filter paper types would consistently yield test data indistinguishable from the data obtained using the currently specified paper. That extensive testing has not been pursued.
During this ILS, the test operators noted that the tactile difference between the two surfaces of the Chinese paper was more difficult to discern that it was for the UK paper. This suggested that, for the Chinese paper, there might be a lesser dependence of test results on surface orientation.
 ISO TC92 SC1 WG15 (Ignition Propensity of Cigarettes), the Working Group charged with developing ISO 12863, commissioned a Task Group to develop a more complete specification for the filter paper. This would enable manufacturers to respond to property requirements that would assuredly lead to consistent test results. This Task Group is currently identifying the pertinent paper properties, the methods of measurement, and the ranges within which the paper would need to be produced.
 NIST developed an alternate substrate that generated a test value and repeatability consistent with the performance of an SRM 1082 cigarette on 10 layers of Whatman No. 2 filter paper manufactured in the UK. 6 This substrate is the subject of this ILS.
2.2
The Proposed Alternate Substrate The rationale for this substrate focused on two principles:
1. The substrate in ASTM E 2187 serves as a heat sink. A substrate consisting of 10 layers of filter paper is (or is close to being) thermally thick. The bottom sheet of filter paper does not get very warm, and little heat is lost through the substrate. Thus, the test result is not very sensitive to small changes in the thermal inertia or the thickness of the substrate. The use of a thermally thin substrate is also possible. However, heat losses through such a substrate could be significant. Thus, tight control of the thickness and thermal properties would be important.
NIST examined a large number of thermally thick and thermally thin substrates. 6 These included organic and inorganic materials of varying thicknesses, thermal conductivities, heat capacities, thicknesses, and surface characteristics. Ignition propensity screening with nearly all of the candidates resulted in either no full-length burns or 100 % fulllength burns. Of the remaining candidates, some deformed, were brittle, or were expensive. Expensive materials could be considered if they could be used for a sufficient number of tests. This meant, for example, that the material could not change phase and that the surface could be readily cleaned.
2. Water vapor generated by the cigarette should not condense on the substrate surface. As found in the development of a means for measuring the ignition propensity of pre standard cigarettes 7 , this leads to a puddle of water forming on the substrate surface near the cigarette coal. This "drowns" the cigarette smoldering, a phenomenon not related to the real-world ignition scenario. This could be prevented by the substrate surface being too warm for water condensation. The cigarette does not generate sufficient heat for this, and the use of a hot substrate is, again, not a replication of common ignition conditions. An alternative means of preventing the pooling of liquid water is to wick the water away from the vicinity of the coal. This was achieved by placing filter paper on top of a metal substrate. 7 The NIST experiments led to a thermally thin substrate consisting of a sheet of nominally 0.203 mm (0.008 in.) thick full hard 302 stainless steel shim stock, covered with a single sheet of filter paper (Figure 2) . The substrate is supported on an adapter ring that fits into the regular substrate holder (Figure 3 ). The variability in the thermal inertia of the metal sheet would be proportional to the combined variability in the thickness and in the thermal properties. The shim stock is used for a variety of applications, each of which requires precision in the thickness. The specified range of alloy composition of 302 stainless steel is narrow 8 and the alloy properties are covered in at least 24 Standards 9 so very little variability in the thermal properties was expected. The demand for the shim stock is sufficient that there are multiple manufacturers of the product. As a result, it was anticipated that an inexpensive, uniform, and stable supply of the shim stock would be available, and this was the case.
The ILS of other commercial filter paper brands indicated significant additional testing was needed to establish equivalency to 10 layers of Whatman No. 2 paper. However, the role of the paper in this metal-based substrate is simpler (for example, there are no paper-to-paper interfaces), and the hypothesis was that a paper specification based on mass and moisture content might well suffice.
NIST performed exploratory experiments to scope the ability of this substrate to match the measured tests results obtained with 10 layers of Whatman No. 2 (UK) filter paper. 6 The study included three types of cigarettes and shim stock from three suppliers. Whatman No. 2 filter paper from the UK was used with either the rough or the smooth side upward. Whatman No. 2 filter paper from China and two of the filter paper brands from the prior ILS were tested with the rough side up, if a difference could be discerned. The key findings were:
 For all three cigarette types, one of which was SRM 1082, there was little sensitivity to the source of the metals or the filter paper brand tested with the rough side upward.
 The repeatability of the test results was slightly superior (i.e., the standard deviation was slightly smaller) for the metal/paper substrate, compared with the 10-layer filter paper substrate.
 For SRM 1082 cigarettes, the test result on 10 layers of UK Whatman No. 2 filter paper with the rough side of all sheets facing upward was approximately 15 % higher than the certified value. Given the small number of tests performed, this single-laboratory result was consistent with finding of an approximate 10 % difference derived from the filter paper ILS, as presented above.
 For some cigarette designs, there may be significant differences in test results using papers from the two manufacturing plants.
Based on these findings, the next step was to examine the performance of the alternate substrate with components obtained from different manufacturers and with additional cigarette designs. These data would be used to establish the degree of reproducibility of the results by the participation of multiple laboratories.
This Interlaboratory Study (ILS)
ILS Participants
With input from discussions with potential participants, NIST prepared a draft plan for an ILS of the alternate substrate. Seven laboratories agreed to participate in the ILS: 
ILS Plan
Objective: Determine the test value, the repeatability, r (the band within which differences among repeat test results from a single laboratory will fall about 95 % of the time), and the reproducibility, R (the band within which differences among test results from different laboratories will fall about 95 % of the time) of the ignition propensity of cigarettes determined using a substrate consisting of:
 A single sheet of nominally 0.2 mm (0.008 in.) 302 full hard stainless steel shim stock and  One layer of filter paper.
The task was to assess r and R for a variety of cigarette designs, as well as the sensitivity to variability in the substrate materials.
It was unlikely that there was sufficient UK paper to develop a broader evaluation of the performance of cigarettes on the Whatman filter paper from China relative to testing using the UK Whatman filter paper. However, the inclusion of SRM 1082 cigarettes in this ILS provides a link to prior cigarette performance data using batches of the Whatman No. 2 paper manufactured in the UK.
Test Materials:
 NIST provided a test procedure and spreadsheets for recording and transmitting the test data.
 NIST provided pre-cut pieces of full hard 302 stainless steel shim stock. The pieces were nominally 150 mm x 159 mm and were cut from flat (not rolled) stock. The provisional thickness specification was 0.207 mm ± 0.002 mm. The specimens were obtained from vendors whose products came from three different manufacturers. NIST measured the thickness of samples of the three sets of sheets. These were used to arrive at a final specification for the sheet thickness. o Difference in moisture content: (0.052 ± 0.006) mass fraction The laboratories were to send the batch numbers and 20 sheets from each batch to NIST. The range of these paper masses and water content were to be considered in arriving at a final specification for the filter paper.
 NIST provided an insert to the ASTM E 2187 substrate holder ( Figure 3 ). This provided support for the metal/paper substrate.
 NIST provided a flat jig plate for use in determining the flatness of the stainless steel sheets and for support while cleaning the sheets between tests. The cast tool and jig plate was made of 6063-T5 aluminum. The dimensions were nominally 300 mm x 300 mm x 12.7 mm. The flatness was 0.38 mm over a source plate with dimensions 2.22 m x 3.66 m. NIST included a tool for determining the extent to which the sheets were not sufficiently flat.
 NIST also provided supplies of three brands of (banded) commercial cigarettes with the pack information removed. The cigarettes were not necessarily from the current marketplace, and their expected test values were between approximately 10 PFLB and 25 PFLB. Each laboratory purchased the needed supply of SRM 1082 cigarettes.
Test Plan:
The ILS was conducted in three rounds. By agreement, the total number of tests per participant was to be approximately 1200. The testing in each laboratory was to be performed by a single test operator throughout the ILS.
Round 1 (200 determinations per laboratory):
 Purpose: Assure that each laboratory and operator was performing ASTM E 2187-09 properly, obtaining the proper value and precision.
 Each laboratory provided data from 5 sets of 40 determinations using SRM 1082 cigarettes on 10 layers of Whatman No. 2 filter paper (China). The filter paper was to be oriented with the rough side facing upward, as in ASTM E 2187-09. The data could be from the laboratory's test archives; if so, the data were to be the most recent obtained by the same test operator who would perform the remainder of the tests for this ILS.  The test protocol for the steel/paper substrate was the final version developed in Round 2. The testing on 10 layers of filter paper was performed according to ASTM E 2187-09.
Data Analysis
The figures of merit in the analysis of the test results were the PFLB value, the repeatability, and the reproducibility for each combination of steel, paper, and cigarette. If the results were acceptably similar in quality to historic test properties with a substrate of 10 layers of filter paper, the characteristics of the steels and papers would provide the basis for specification in a proposed revision of the ASTM Standard.
The analysis of the test results was to include determination of the extent to which each of the following factors affected the test results for the various cigarette designs:
 Source and thickness of the 302 stainless steel,  Type of filter paper, and  Laboratory performance.
Test Materials
4.1 Steel NIST measured the thickness of the full hard 302 stainless steel at 12 locations on each of four sheets from each of the three manufacturers. The measurements were made using a coordinate measuring machine. The precision of the apparatus is ± 0.0003 mm. The results are compiled in Table 1 . There are two noteworthy observations.
1. The uniformity of the thickness of each specimen and among the multiple specimens from a single manufacturer is excellent. The 95 % confidence interval for each metal is no more than 1 % of the mean thickness of that sheet.
2. The thicknesses of Metals 1 and 3 are indistinguishable from each other. The thickness of Metal 2 is slightly (approximately 3 %), but statistically significantly, larger.
The shim stock is sold as being nominally 0.008 in. (0.203 mm) thick. If determination of the full-length burn rates were to find no effect of the source of the metal on the test results, a practical specification for the thickness would be (0.203 ± 0.004) mm. This range encompasses all the mean values with their associated confidence bounds in Table 1 . It is based on our current knowledge of the different true metal thicknesses, assuming that the differences among the three manufacturers are fixed effects.
Paper
Each of the participating laboratories obtained their own supplies of the four types of filter paper. They were to send 20 sheets of each type to NIST for weighing. Not all of the participating laboratories did so. Some laboratories provided additional paper, enabling some determination of the variation in mass and moisture content within a batch. The "dry" measurements were performed after the paper had been in an oven at approximately 60 C for at least 18 hours, the requirement in ASTM E 2187-09. The "conditioned" measurements were performed after the specimens had been in an environment at (54 ± 1) % relative humidity and (23 ± 0.1) C for at least 18 hours. The data are compiled in Table 2 .
With one exception (see below), the mean conditioned masses of all the batches of all four papers were within the specification range in ASTM E2187-09 (26.2 ± 0.5) g. For the cases where the laboratories provided multiple batches of paper specimens, the standard deviations were all below ± 0.2 g, which is also well within the specification range in ASTM E 2187-09.
With the same one exception, the dry masses of all the batches of all the papers were between 24.6 g and 25.7 g, compared to the specified range in ASTM E2187-09 (24.7 ± 0.5) g. For the cases where the laboratories provided multiple batches of paper specimens, the standard deviations were all below ± 0.2 g, which is well within the specification range in ASTM E 2187-09.
Based on historic data and the values from the preliminary NIST research 6 , the paper used in this ILS was expected to have a range of moisture content of (0.052 ± 0.006) mass fraction. The actual range was (0.050 ± 0.006) mass fraction.
The one exception was Paper 2 from Lab 4. This laboratory forwarded 10 sets of filter paper sheets for weighing. Both the dry and conditioned masses were 13 % lighter by weight compared to other laboratories' batches of the same filter paper and all batches of the other filter papers. The change in moisture content was normal. The mass variability (dry and conditioned) among the 10 sets was notably higher than the variability in the other papers for which 10 sets were weighed. The nature of the batch number was also different from other batches of the same brand of paper. Laboratory 4 was contacted, and their investigation revealed that the recently purchased paper had been produced approximately 25 years ago with misleading documentation stating it was produced prior to 3/25/11. The data obtained using this paper were not included in further analyses.
Before reaching any broad conclusions about the filter paper, it should be noted that all the Paper 1 used by the seven laboratories came from the same batch. The same was true for Paper 3.
The data indicate that the four paper companies are capable of making paper with dry and conditioned masses within or very close to the narrow ranges prescribed in ASTM E2187-09. Furthermore, the moisture content was also within a narrow range. If systematic testing were to find no effect of the source of the paper on the test results, it would be reasonable to retain the conditioned mass requirement in ASTM E2187-09 of (26.2 ± 0.5) g and a widened dry mass requirement (reflecting the masses found in this ILS) of (24.9 ± 0.7) g, with an additional specification that the moisture content of the conditioned paper be (0.050 ± 0.006) mass fraction. Only 5 of the 66 individual samples did not fall within this range. 
Round 1
The results from six laboratories are compiled in X Table 3X . (Lab 3 did not submit data.) Note that, for anonymity, the numbering of the labs has been randomized from the order that was presented in Section 3.1.
Each lab performed five sets of 40 determinations of SRM 1082 on a substrate consisting of 10 sheets of Paper 4 (Whatman No. 2, China), with the rough side facing up. In addition to the numbers of full-length burns observed in each laboratory, Table 3 contains the observed mean and standard deviation for each laboratory (columns 2 and 3), and results from a Bayesian analysis of the data 10, 11 using a hierarchical beta-binomial model (columns 4 through 7). The Bayesian model allows for variation between and within laboratories. Results are given for each laboratory separately, as well as for the mean percentage of full-length burns across labs.
The Bayesian model used to describe the data is expressed mathematically as This model allows for both between and within lab uncertainty. Within each lab, the results depend mostly on the lab's data alone, but there is some "borrowing of strength" among labs which tends to pull each lab's estimate a bit toward the mean across labs. The mean result also includes uncertainty between and within labs and the between-lab uncertainty plays a more direct role in the uncertainty of the mean.
The model was fit to the data using the open-source software OpenBUGS 12, 13 , which uses a Markov Chain Monte Carlo simulation to determine posterior probability distributions for the values of each parameter. The results are based on 10000 simulated values, thinning each chain by 400 observations between observations that were kept. Each chain was given a burn-in of 5000 iterations to converge. The convergence of the simulation was assessed by running multiple simulations with different starting values and plotting the results between and within each Markov chain using the Brooks-Gelman-Rubin plot.
13,14
The ability of the model to adequately describe the structure in the data was assessed using posterior predictive residual plots.
The first observation is that the results from five of the labs are quite self-consistent. The one notable exception is Lab 5, whose data are affected by the second set of 40 determinations, which showed a very high number of full-length burns. If one disregards that set, the Lab 5 results are the values in parentheses, which are consistent with the other laboratories. 9 6 % r .
The second observation is that the test results from all the laboratories are more than a factor of two below the expected value for SRM 1082 cigarettes tested on 10 layers of (UK) Whatman No. 2 filter paper (12.6 PFLB ± 3.3 PFLB).
15
It is highly unlikely that six test operators from different organizations would all obtain deviant results that were similarly that low by chance. It is also highly unlikely that six supplies of SRM 1082 cigarettes, obtained at different times, would all manifest similarly low test results. The working hypothesis is that the recent batches of Whatman No. 2 filter paper from China differ substantially from the historic batches of filter paper made in the UK. This is consistent with the prior indication in Reference 6.
The values of the repeatability and reproducibility limits for a test based on 40 replicate . and . determinations are r  9 6 % R  10 1 % , respectively. These values are determined using the formulas
Originally, the values of repeatability and reproducibility were computed based on 95 th percentiles of the predictive distribution for within-and between-lab differences in PFLB rates computed using the Bayesian model. However, on the suggestion of statistician Michael Morton from Altria, that approach was examined further and found to possibly have some issues with low bias for the computed values of R. The method used here differs from the originally suggested change only through the addition of a small correction for a high bias in the estimates of R. The bias correction enters the formula for R through the subtraction of the sample size term 1/C from the term for the prescribed sample size of the test at n = 40. The fact that the values of r and R are essentially the same indicates that the variability among labs is significantly smaller than the intralaboratory variability, which is scaled to a sample size of 40 tests. These values of r and R are consistent with the values currently published in ASTM E 2187 for a cigarette with a true PFLB level similar to that observed here.
In summary, the r and R values indicate that the labs were performing the tests consistently, while the very low mean value relative to the certified value for SRM 1082 indicates that something non-procedural, like the nature of the substrate, has changed. This analysis was deemed sufficient to support a decision to proceed to Round 2 even though there were data from only six of the seven labs.
Round 2
The results from six laboratories are compiled in Table 4 based on a fit of the Bayesian model described in Section 5.1, except with n R i  100 for all labs. (Lab 3 reported data for Round 2, but the data were not able to be used because the data were collected prior to the revision of the test procedures to minimize the effect of curvature of the sheet steel portion of the substrate on the results.) Each lab performed five sets of 20 determinations of SRM 1082 on a substrate consisting of a sheet of Metal 1 and one sheet of Paper 4 (Whatman No. 2, China), with the rough side facing up.
The values of the repeatability and reproducibility limits for a test based on 40 replicate . and . determinations are r  15 1 % R  18 2 % , respectively. These values are determined using the formulas given near the end of Section 5.1. The fact that the two values are close again indicates that the variability among labs is significantly smaller than the intralaboratory variability in this case, though there may be a small amount of between-laboratory variability. These values of r and R are essentially consistent with the values currently published in ASTM E 2187, considering the previously discussed effect of testing with the rough side facing upward.
iii for a given combination of cigarette and substrate R  18 2 % , respectively. These values are determined using the formulas given near the end of Section 5.1. The fact that the two values are close again indicates that the variability among labs is significantly smaller than the intralaboratory variability in this case, though there may be a small amount of between-laboratory variability. These values of r and R are essentially consistent with the values currently published in ASTM E 2187.
In summary, the mean value and the 95 % expanded uncertainty interval for this combination of paper and metal are statistically indistinguishable from the certified values for the SRM 1082 cigarettes. The consistent r and R values indicate that the alternate substrate is not introducing a notable increase in the variability of test performance. The low values of the standard deviations in the posterior PFLB mean values further indicated that the six labs were following the revised (for the alternate substrate) test procedure similarly and repeatably. For these reasons, the ILS proceeded to Round 3.
5.3
Round 3 Each lab performed five sets of 20 determinations for each of four cigarettes on two substrates, as noted above in Section 3.2. Wherever discernable, the test was run with the rough side of the paper up for each substrate. The results from the seven laboratories are compiled in Table 5 through Table 12 based on fits of the Bayesian model and the other methods described in Section 5.1, except with n R i  100 for all labs. Table 13 summarizes the results (columns 4 through 7) for all three rounds of the ILS. 
Substrate Performance
Test Precision
There are some general observations regarding the repeatability and reproducibility values in Table 13 .

The r values in all three rounds were generally consistent with each other and with the repeatability limits in ASTM E 2187. The tests involving Cigarette 1 might show modestly higher intralaboratory variability than the overall average, and the tests involving Cigarette 2 might show slightly lower intralaboratory variability.
 The between-laboratory variability, R, for the two sets of Cigarette 1 tests in Round 3 (columns 4 and 5) was substantially larger than for any of the other data sets. To a lesser degree, the R value for Cigarette 4 on Substrate A was also high.
 Each R value in the other columns was essentially consistent with the r value in the same column, with the possibility of a small amount of extra random variation being present between labs over that observed within labs. Table 14 summarizes the nature of the PFLB values for each of the labs for each combination of cigarette and substrate. An "H" indicates that the lab's results were above the upper bound of the 95 % expanded uncertainty interval for that cigarette/substrate combination. An "L" indicates that the lab's results were below the lower bound of the 95 % expanded uncertainty interval for that combination. The absence of a character indicates that the lab's results were within the 95 % expanded uncertainty interval for that combination. Note that the purpose of the 95 % uncertainty intervals for each mean is not to capture the individual lab results. This characterization of the individual laboratory results is simply meant to highlight the nature and persistence of any laboratory effects across the different rounds of testing.
Examining the rows in the table, three of the labs (2, 3, 6, and 7) were balanced in that their results were high about as often as they were low. Lab 1 generated results that were generally low, while results from Labs 4 and 5 were often high. Overall, this is not a problematic distribution since the results from most labs do not seem to be consistently high or low.
Looking at the columns of results in the table, four of the ten have 2 or 3 L's or H's, while the remaining six have 4 or more L's or H's. This split is controlled by clustering in the results. When the results cluster around two or three well-separated values, then the center of the uncertainty interval, and sometimes even the uncertainty bounds, fall between the clusters of points. This means that a relatively large number of data points will fall outside the interval. As noted above, however, these uncertainty intervals are not designed to capture a specified proportion of individual results, so this behavior does not seem problematic either. Clusters can, and will, occur by chance in the data naturally and this effect is likely to be a byproduct of that random behavior. Substrate
Ignition Propensity of SRM 1082
The first objective of the alternate substrate was that testing on it produces ignition propensity values that were statistically indistinguishable from those obtained from testing on 10 layers of Whatman No.2 (UK) filter paper. Figure 4 shows the difference between the measured PFLB value and the certified value for SRM 1082 for testing on four substrates: Round 1 (Substrate D), Round 2 (Substrate E), and Round 3 (Substrates B and C). The uncertainty bars account for the uncertainty in both the ILS measurements and the certified ignition propensity of SRM 1082. The overlap of the uncertainties with zero on the ordinate for the left three data points indicated that the differences between the ILS values and the certified values are not statistically significant for the ILS testing on three different metal/paper substrates in Rounds 2 and 3. By contrast, the mean value from Round 1 (testing on 10 layers of Whatman No. 2 (China) filter paper is quite different from the certified value. (Recall that in the certification testing, the upward facing surface of the filter paper was not specified. Thus, the ordinate values in Figure 4 might be slightly high, which would improve the agreement between the results from the metal/paper substrates and the result from 10 layers of Whatman No. 2 (UK) filter paper.)
These results support the hypothesis that testing using the alternate substrate produced ignition propensity values that were not significantly different from those obtained from testing on 10 layers of Whatman No.2 (UK) filter paper. The result from Round 1 suggests that the Whatman No. 2 (China) filter paper manufactured during the period when the ILS labs procured their supplies performed differently from the Whatman No. 2 paper previously manufactured in the UK. 
6.3
Dependence on the Substrate Materials The presentation in Figure 4 indicates that testing of SRM 1082 cigarettes on substrates composed of three different metal/paper combinations generated FLB data that are not significantly different from each other. To help ensure that these results are robust across different brand styles of cigarettes, comparisons were made with three additional cigarettes as well (Cigarettes 2, 3, and 4). There were differences in the between-lab variability in Round 3, so a paired test was used to compare substrates. Given the binomial nature of the measurements the appropriate paired test is a nonparametric sign test. 16 This test involves comparison of the PFLB values from each of the seven labs for a particular cigarette on two different substrates. The test statistic is the number of paired differences greater than zero. (The statistic also could be based, equivalently, on the number of paired differences less than zero.) Under the null hypothesis of no difference in FLB rates, the negative and positive values should be evenly distributed, with approximately half being above zero and half being below zero. A significant difference in the FLB rates on the two substrates being compared is indicated by extreme numbers of positive (or negative) paired differences. For seven labs, the rejection region (RR) for the test can be set as either: One potential disadvantage of nonparametric tests like the paired sign test is lack of efficiency for detecting differences relative to parametric tests. In this case, however, the absolute power of this sign test, shown in Figure 6 , seems adequate to detect meaningful differences in the fulllength burn rates of a cigarette on different substrates. The power curve shown in Figure 6 is based on the mean PFLB values for cigarette 1 on substrate B taken from Table 5 . As an example of the power of this test with this configuration of full-length burn rates, the probability of detecting a 10 % difference between the substrates is about pdetect = 0.80. 
Conclusions
 The ignition propensity results obtained using the steel/paper substrates were not statistically distinguishable from the result obtained for testing on 10 layers of Whatman No. 2 (UK) filter paper. Combining the results from columns 2, 3, and 4 in Table 13 , the mean value and its standard error are (15.9 ± 4.7) PFLB. The expanded uncertainty bounds at the 95 % probability level are (8.6, 26.9) PFLB. The certified values for SRM 1082 (tested on 10 layers of Whatman No.2 (UK) filter paper) are (12.6 ± 3.3) PFLB.
 Recall that in the certification testing, the upward facing surface of the filter paper was not specified. Had the testing been conducted with the rough side of the paper always facing upward, the PFLB mean value would have been slightly higher. This would modestly improve the agreement between the results from the metal/paper substrates and the result from 10 layers of Whatman No. 2 (UK) filter paper.
 There were no statistically significant effects of the substrate materials on the test results, for those combinations of cigarette, paper, and steel that were tested. As a result, the proposed specifications for the substrate materials are:
o Paper  Mass of 15 sheets, dried at (60 ± 2) C for at least 16 h: (24.9 ± 0.7) g. The standard deviation of five such samples is to be no more than 0.3 g. 
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Modify with re-numbering, Section 9.3 as follows:
9.3 Substrates 9.3.1 The filter paper substrates consist of nominal 150 mm (6 in.) diameter circles of Whatman #2 ash-free cellulosic filter paper. Substrates are formed by placing multiple layers of filter paper into the holder assembly, then placing the metal rim on top to ensure good contact between the layers. All sheets of filter paper shall be oriented with the rough surface facing upward, where discernible. NOTE 4-In an interlaboratory study of alternate filter papers for use in ASTM E2187, data have indicated that for some cigarette designs, slightly different test values could be obtained depending on whether the rough surface or the smooth surface of the Whatman No. 2 filter paper was facing upward.
Filter Paper
9.4.1 For paper from a manufacturer's batch to be used in the filter paper substrates, the mean mass of 15 sheets of the conditioned filter paper shall be 26.1 ± 0.5 g. This shall be determined by weighing five samples of 15 sheets, each sample being from a different box from the manufacturer's batch. The standard deviation of the five samples shall be no more than 0.3 g. For paper from a manufacturer's batch to be used in the stainless steel/filter paper substrates, the mean mass of 15 sheets of the conditioned filter paper shall be 26.1 ± 0.6 g, determined in the same manner.
9.4.2 For paper from a manufacturer's batch to be used in the filter paper substrates, the mean mass of 15 sheets of the dried filter paper shall be 24.7 ± 0.5 g. This shall be determined by weighing five samples of 15 sheets, each sample being from a different box from the manufacturer's batch. Each set of 15 sheets shall have been stored at 60 ± 2°C for at least 16 h, placed in a sealed plastic bag upon removal from the oven, cooled to 23 ± 3°C, and weighed within 3 min of opening the bag. The standard deviation of the five samples shall be no more than 0.3 g. For paper from a manufacturer's batch to be used in the stainless steel/filter paper substrate, the mean mass of 15 sheets of the conditioned filter paper shall be 24.8 ± 0.6 g, determined in the same manner.
Stainless Steel
The 302 stainless steel layer shall consist of a nominal 159 mm x 150 mm (6.25 in. x 6 in.) rectangle of 302 stainless steel shim stock. The piece shall be flat, not from a roll. The thickness shall be 0.207 mm ± 0.002 mm (0.00800 in. ± 0.00008 in.) thick. The flatness shall be determined according to Section 11.3.
______________________________________________________________________________________________________
This publication is available free of charge from: http://dx.doi.org/10.6028/NIST.TN.1874 11.5.4 When the cigarette has burned to the 15 mm mark, simultaneously cover the chimney and open the chamber door, gently remove the cigarette from the holder, and move the holder to the front corner of the test chamber. 11.5.5 Gently lay the cigarette with the ash still attached onto the top of the filter paper so that the non-ignited end is placed between the appropriately sized cigarette anti-roll parallel metal pins. (Fig. 2) . The cigarette paper seam shall be turned up. Do not drop the cigarette onto the substrate and do not press the coal into the substrate. If the ash falls off during any part of the transport or positioning process, terminate the determination and begin again; do not count the attempt.
. . . 11.10 The stainless steel substrate shall be cleaned after each determination. Lay the stainless steel substrate on the clean, flat surface used in Section 11.3. Using a soft laboratory wipe that has been wetted with ethanol or isopropanol, gently wipe the top surface of the stainless steel to remove any char residue or other contaminants. After carefully removing the stainless steel substrate from the flat surface, wipe the flat surface to remove any residual contamination. Ensure that the stainless steel substrate is dry before proceeding with the next determination.
